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ABSTRACT

Curved lipid membranes are ubiquitous in living systems and play
an important role in many biological processes. To understand
how curvature and lipid composition affect membrane formation
and fluidity we have assembled and studied mixed 1,2-Dioleoyl-sn-
Glycero-3-Phosphocholine (DOPC) and 1,2-Dioleoyl-sn-Glycero-3-
Phosphoethanolamine (DOPE) supported lipid bilayers on
amorphous silicon nanowires with controlled diameters ranging
from 20 nm to 200 nm. Addition of cone-shaped DOPE molecules
to cylindrical DOPC molecules promotes vesicle fusion and bilayer
formation on smaller diameter nanowires. Our experiments
demonstrate that nanowire-supported bilayers are mobile, exhibit
fast recovery after photobleaching, and have low concentration of
defects. Lipid diffusion coefficients in these high-curvature tubular
membranes are comparable to the values reported for flat
supported bilayers and increase with decreasing nanowire
diameter.

Lipid membranes of non-planar shapes are abundant in nature. Numerous
reports document their existence in cellular organelles and transient formation in

various biological processes.!-6 Nonetheless, researchers became interested in the



role of the membrane curvature in biology only recently,”- 8 and quickly realized
that they need to understand how curvature affects structure and physical
properties of the membrane.® 10 Recent experiments demonstrated curvature-
directed segregation of lipid mixtures in membranes of variable curvature.ll-13
Fluidity is another critical parameter of biological membranes, since mobility of
lipids and membrane proteins represents one of the key factors in regulating
ligand-receptor interactions, cooperative binding, and aggregation.14. 15 Earlier
experiments on silica bead-supported lipid bilayers!6é. 17 indicated that substrate
curvature does not significantly influence diffusion of lipid molecules for the
substrate diameters larger than 0.5 um. However, biological membranes
frequently form tubular shapest 3.18-20 with the radii between 10 and 100 nm; yet
there are no systematic literature data on lipid mobility for membranes with the
radius of curvature smaller than 100 nm. We intuitively expect that differences
in packing densities between highly curved and planar membranes would affect
membrane fluidity; therefore it is necessary to study the lipid membrane
structure and mobility in the high-curvature regime.

Here we report formation and mobility of mixed zwitterionic (DOPC and
DOPE) lipid bilayers of different compositions supported on cylindrical
hydrophilic nanowire substrates with diameters ranging from 20 to 200 nm.
These experiments demonstrate how the size of the headgroup and the overall
shape of lipid molecules changes bilayer stability and its ability to fuse on non-
planar substrates. Finally, we use Fluorescence Recovery After Photobleaching

(FRAP) technique to study the lipid mobility at different substrate curvatures and



show that for all bilayer compositions the lipid mobility increases with the
decreasing radius of curvature.
Substrate design and fabrication. To characterize membrane properties as a
function of curvature we need to prepare bilayers with measurable, reproducible,
and well controlled curvature. Non-planar free standing bilayers, i.e. lipid
vesicles, typically do not meet these criteria. Although lipid vesicles are easy to
prepare, all existing methods give wide, non-uniform distribution of vesicle sizes
(and thus curvatures). Our approach utilizes assembly of lipid bilayers on solid
substrates of variable curvature. Supported bilayer membranes retain many
similarities to natural membranes, and most importantly, lateral fluidity.2! Our
substrates consist of cylindrical amorphous silicon nanowires (with native silicon
oxide surface) grown over small diameter carbon nanotubes and suspended over
a microfabricated trench on a silicon wafer (Figure 1). The outer diameter of
these core-shell nanostructures then defines the membrane curvature.
Suspended nanowire “bridge” geometry allows for the formation of a cylindrical
lipid membrane of the well defined shape and curvature along the entire
nanowire length. We chose to use these support surfaces also because of the well-
known ability of the silicon oxide to promote fusion of lipid vesicles to form fluid
supported bilayers.22

Our nanowire fabrication starts with CVD growth of single-walled carbon
nanotubes suspended across microfabricated channels in Si/SiO2 (Figure la, step
1. See Supporting Information for details). These suspended nanotubes serve as
templates for growing a layer of amorphous silicon (Figure la, step 2), which

produces 5 um long cylindrical silicon wires of 20 — 200 nm in diameter (Figure



1b,c). This fabrication process is very reproducible. For our studies we have
fabricated nanowires with ultra-narrow diameter distributions and smooth walls
(the average width of the diameter distributions was 1.7+0.9% and the maximum
peak-to-valley surface roughness of the nanowire surface was less that 2 nm).
The uniformity of the nanowire substrates produced by our synthesis procedure
provides a key advantage for studying curvature effects in supported lipid
bilayers. In comparison, catalytic CVD synthesis produces single-crystalline
silicon nanowires23 with atomically smooth surfaces; however the nanowire
diameter distribution in CVD samples is usually quite broad,2* which would
complicate correlation of membrane properties with the substrate curvature.

Vesicle fusion on curved substrates. To explore relationship between the
shape of lipid molecules and the membrane curvature2s we have studied fusion of
mixed DOPE-DOPC vesicles on nanowires of various diameters using confocal
fluorescence microscopy (Figure 2, 4a). To visualize formation of supported lipid
bilayers we added 2 % of a fluorescent probe 1-Oleoyl-2-[6-[(7-nitro-2-1,3-
benzoxadiazol-4-yl)amino]hexanoyl]-sn-Glycero-3-Phosphoethanolamine (NBD-
PE) to all lipid compositions. When we exposed silicon nanowires to lipid vesicles
(Figure 1la, step 3) the vesicles readily fused onto these substrates producing
linear bright fluorescent features in the confocal microscopy images (Figure 2b-
d). Remarkably, we observed that for all lipid compositions that we studied the
vesicles did not fuse onto all the substrates; rather, vesicles of each lipid
composition only fused on the nanowires in a limited range of diameters (Table
1). In general, the increase in DOPE fraction in the lipid mixture shifted the

nanowire diameter range where vesicles successfully fuse to smaller values (Table



1). Moreover, the lipid vesicles with higher DOPE content that selectively coated
smaller diameter nanowires did not fuse on a planar surface (Figure 2d). This
observation is consistent with the ability of conical DOPE to inhibit lipid bilayer
formation on flat glass substrates.2>

We can explain the observed effects if we consider the shapes of the lipid
molecules. Due to the difference in chemical structure of the headgroups PC
lipids are cylindrical, while PE lipids are truncated cones (Figure 2a). As a result,
different mixtures of these lipids have different intrinsic curvatures. Hamai et al.
reported that with increasing DOPE concentration in DOPC-DOPE vesicles the
mobile fraction of supported lipid bilayers on flat surfaces dropped and
fluorescence signal stopped to recover when the fraction of DOPE reached
20 %.25 The authors reported that vesicles of this composition adsorbed on the
flat substrates without fusion and bilayer formation. Our results clearly
demonstrate that it is possible to form mobile supported bilayers on curved
surfaces of cylindrical nanowires even at DOPE fraction larger than 20 % (Table
1).
Thermodynamics of bilayer formation. To rationalize our results we need to
consider thermodynamics of the bilayer formation on a curved surface. The free

energy of the bilayer formation AG includes two components: (1) the bending

energy AEpend required to deform the membrane to the nanowire shape and the
adhesion energy of the lipid headgroups to the silicon oxide surface, AEadn:**?’
AG = AE,,, —AE, . )

The bending energy per unit area of the lipid membrane is equal to2>



k (1 ?
AEbend =E‘(E_‘J0j ) (2)

where k and Jo are the stiffness coefficient and the intrinsic curvature of the lipid
monolayer, respectively.®8 Lipid curvature is positive when headgroups are
pointing outward away from the center of the curvature, and negative when
headgroups are pointing inwards toward the center. Thus, inner and outer
leaflets of a non-planar bilayer have opposite curvatures and make different
contributions to the bending energy term. The total bending energy of a
cylindrical bilayer then becomes (see Figure 3a for an additional explanation of

the geometrical parameters):
AE, =L 2z RE (L4 2+27z-(R+h)-5- EER 2 (3)
bend 2 R 0 2 R 0

where L and R are the length and the radius of the nanowire template; h is the
thickness of the lipid monolayer. To calculate the bending energy term we used
values of h=2 nm and k=3.9-10-20 J,28-32 for both lipids in our calculations. For
each DOPC-DOPE mixture we calculated the effective intrinsic curvature of both
inner and outer leaflets using a linear combination? of intrinsic curvatures for
pure DOPC and DOPE monolayers (-0.05 and -0.33 nm-L, respectively).8 33 Note
that the lipid distribution between two monolayers is not necessarily
symmetrical: due to their conical shape DOPE molecules should preferentially
reside in the inner (closer to the nanowire) leaflet of the bilayer.** Such
redistribution of the lipid molecules between the two leaflets according to their
molecular shape lowers the bending energy of the system. We calculated the

equilibrium DOPE distribution between the monolayers by minimizing the total



bending energy for each nanowire diameter. As a result, DOPE concentration is
higher than the nominal in the inner leaflet and lower in the outer one. In fact,
our estimates show that for nanowires smaller than 30 and 55 nm in diameter for
DOPC:DOPE of 70:30 and 80:20, respectively all DOPE will concentrate in the
inner monolayer.

The adhesion energy for a lipid bilayer fused onto a cylinder of radius R
and length L is equal to

AE,, =27-L-R-C_, (@)

where Cadn is the adhesion coefficient between the lipid and a silicon oxide
surface.26. 35 Using Cagh = 1.0-104 J/m2,26. 36. 37 for both DOPC and DOPE we
calculated the free energy of the lipid bilayer formation as a function of the
substrate radius for each lipid mixture (Figure 3b-d, lines). Remarkably, the
calculated bilayer formation energies readily explain the trends observed in the
fusion experiments. For all bilayer compositions the nanowire sizes that
produced fused bilayers in the experiments cluster around the minimum on the
calculated free energy curves while the nanowire sizes where the bilayers do not
form are further away from the minimum. Note also that in the case of pure
DOPC (Figure 3b), the energy curve does not have a minimum indicating that the
flat bilayer represents the lowest energy configuration for that membrane.
Lipid mobility. Lipid membranes adsorbed on curved substrates are highly
mobile. We have measured the diffusion coefficients of lipid molecules in these
membranes using FRAP technique, where we used a high-power focused laser
beam to bleach a small spot on the bilayer-coated nanowire and then monitored

lipid diffusion back into the bleached region.38.39 To achieve the time resolution



necessary for capturing the recovery process, our setup incorporated an electro-
optical modulator (Figure 4a) that could switch the power of the laser beam in
less than 2 ps.

Most of our 1-D bilayer membranes exhibited mobile fractions of nearly
100% (Figure 4b), even for membranes that contained 20-30 % of DOPE. Note
the striking contrast of these results with the previous studies that show that
DOPE concentrations higher than 20 % produce immobile lipid on flat glass
surfaces.?> Moreover, our supported bilayers are highly robust: we obtained
fluorescence recovery of 90-95 % on the coated nanowires even after 5 bleach-
recovery cycles on the same spot (data not shown).

To extract diffusion coefficients from the recovery data we used a one-
dimensional diffusion model.3° Our results (Table 1) show that our membranes
are remarkably mobile: the diffusion coefficients of nanowire supported
membranes fall in the range of values reported for DOPC vesicles (5-10-8 cm?2/s)40
and flat supported DOPC bilayers(2-3-10-8 cmz2/s).25 41 This high mobility is in
sharp contrast to the reported mobilities of one-dimensional lipid bilayers on
carbon nanotube templates coated with polyelectrolytes.3® These substrates were
of comparable size to the smallest nanowires used in the present work, yet they
exhibited diffusion coefficients that were three orders of magnitude slower. This
comparison indicates that the nature of the substrate surface represents another
key factor that determines the bilayer mobility on highly curved substrates.

Our experiments also showed that for each DOPC-DOPE mixture the
mobility gradually increases by a factor of 1.5-4 with decreasing nanowire

diameter in the range 20-200 nm. Similarly, Hof et al. found that relaxation time



of a fluorescent probe was approximately twice as short in small vesicles
(diameter 22 nm) compared to large ones (diameter 250 nm).42

Our data support the explanation proposed by Hof and colleges.#2 As the
membrane curvature increases, the separation between lipid headgroups in the
outer leaflet becomes larger. The reduction of the headgroup packing density in
the outer leaflet43 makes it more disordered. Wider open spaces between
headgroups in the lipid bilayers supported on small diameter nanowires facilitate
lateral diffusion and result in higher diffusion coefficients. We also note that Hof
et al. used the probe that tended to concentrate in the outer leaflet. Our
experiments use the probe (NBD-PE) that tends to reside in the inner monolayer.
Thus quantitative comparison between our results and data obtained by Hof and
colleges is not entirely straightforward.

We have shown that mixed DOPC-DOPE vesicles form supported lipid
bilayers on small diameter cylindrical silicon nanowires. The substrate size range
where fusion occurs depends on the DOPC:DOPE lipid ratio and reflects the
interplay between bilayer adhesion to the substrate surface and the energy
required to bend the membrane to the nanowire curvature. By adjusting fraction
of cone-shaped DOPE molecules in the lipid mixture we can control the range of
nanowire diameters that favor bilayer formation. We demonstrate that lipid
bilayers supported on silicon nanowires are high-quality, continuous, and mobile.
They exhibit mobile fractions of 90-100 % and diffusion coefficients close to
typical values for DOPC membranes supported on flat silicon oxide surfaces. We
also found that the membrane mobility increases several times as the nanowires

become thinner.



These results open up a number of opportunities for researchers. 1-D
bilayers on high-curvature solid supports provide a reliable and robust platform
for studying physical properties of the highly-curved lipid bilayers. These
nanostructures also enable studies of the lipid bilayer compositions that do not
form regular (flat) supported bilayers. The approach that we present is quite
general, and should also work for other types of hydrophilic nanowires,
demonstrating that one-dimensional lipid bilayers provide a versatile platform
for integration of biological membranes with 1-D nanomaterials.
Acknowledgment. S.C.J.H., J.A.M., and A.B.A. acknowledge SEGR Fellowship
from LLNL. A.N. acknowledges funding from LLNL LSTO. This work was
performed under the auspices of the U.S. Department of Energy by the University
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Table 1. Diffusion coefficients (D-10-8 cm2/s) of NBD-PE fluorescent probe in

mixed DOPC-DOPE bilayers supported on amorphous silicon nanowires of

different diameters. “X” indicates that no fusion was observed for the nanowires

of this size.
Nanowire diameter, nm
DOPC:DOPE
23 30 55 70 200
100:0 X X 8.7+0.3 3.8+0.3 24+0.2
80:20 X X 85+0.6 2.2+0.3 X
70:30 10.5+0.2 88+04 7.8+0.1 X
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Figure 1. Silicon-coated carbon nanotubes as substrates for studying 1-D lipid
membranes. (A) Assembly of lipid bilayer membranes on silicon nanowires. Step
1: CVD growth of suspended carbon nanotubes; Step 2: deposition of Ti adhesion
layer and amorphous silicon on carbon nanotubes; Step 3: formation of
supported bilayer by vesicle fusion. (B) SEM image of silicon coated carbon
nanotubes suspended over a 5 um-wide channel. (C) TEM image of two silicon
coated carbon nanotubes. The nanotubes represented on this image formed a
cross-junction before amorphous silicon deposition. Scale bars: 1 um (B), 100
nm (C).
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Figure 2. (A) Structural formulae and overlaid schematic representation of the
geometrical shapes of DOPC and DOPE lipid molecules. (B-D) Confocal fluorescence
microscopy images of lipid bilayers supported on silicon nanowires. DOPC:DOPE ratio
was 100:0 (B), 80:20 (C), and 70:30 (D). Nanowire diameters were 70 nm (B, C) and 55
nm (D). Scale bars: 5 um (B), 2 um (C, D).
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Figure 3. Thermodynamics of lipid bilayer formation on high curvature
substrates. (A) Cross section of 1-D lipid bilayer on a nanowire substrate.
(B-D) Change of the free energy of lipid bilayer formation on silicon nanowires
(lines) for pure DOPC (B) and lipid mixtures with DOPC:DOPE ratio of 80:20
(C) and 70:30 (D). Open triangles correspond to the nanowire sizes where fusion
does not occur while solid red circles correspond to the sizes where lipid bilayers

form on the nanowires.
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Figure 4. FRAP measurements of lipid mobility on nanowire supported lipid
bilayers. (A) Schematic diagram of the experimental setup: S — sample, P —
pinhole, LP — long pass filter, APD — avalanche photodiode detector, EOM —
electro-optical modulator. (B) Representative fluorescence recovery curve (red)
and the corresponding model fit (blue) for a nanowire supported DOPC bilayer.

Nanowire diameter is 55 nm.
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